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Abstract 
The purpose of this thesis is to present on the development and results of the cooling 
system logic tree and model developed as part of the Pipeline Research Council International, 
Inc (PRCI) funded project at the Kansas State National Gas Machinery Laboratory. PRCI noticed 
that many of the legacy engines utilized in the natural gas transmission industry were plagued by 
cooling system problems. 
As such, a need existed to better understand the heat transfer mechanisms from the 
combusting gases to the cooling water, and then from the cooling water to the environment. To 
meet this need, a logic tree was developed to provide guidance on how to balance and identify 
problems within the cooling system and schedule appropriate maintenance. 
Utilizing information taken from OEM operating guides, a cooling system model was 
developed to supplement the logic tree in providing further guidance and understanding of 
cooling system operation. The cooling system model calculates the heat loads experienced within 
the engine cooling system, the pressures within the system, and the temperatures exiting the 
cooling equipment. The cooling system engineering model was developed based upon the fluid 
dynamics, thermodynamics, and heat transfer experienced by the coolant within the system. The 
inputs of the model are familiar to the operating companies and include the characteristics of the 
engine and coolant piping system, coolant chemistry, and engine oil system characteristics.  
Included in the model are the various components that collectively comprise the engine cooling 
system, including the water cooling pump, aftercooler, surge tank, fin-fan units, and oil cooler. 
The results of the Excel-based model were then compared to available field data to 
determine the validity of the model. The cooling system model was then used to conduct a 
parametric investigation of various operating conditions including part vs. full load and engine 
speed, turbocharger performance, and changes in ambient conditions. The results of this 
parametric investigation are summarized as charts and tables that are presented as part of this 
thesis. 
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Chapter 1 - Introduction 
This thesis is based on the work completed as part of a PCRI funded project through the 
National Gas Machinery Laboratory at Kansas State University. The focus of this section is to 
outline the objectives, describe the tasks and deliverables, and briefly explain the physics of a 
cooling system. 
 1.1 Objective 
The objectives of this study are to: 1) combine the information contained in operating and 
maintenance guides with information obtained via discussions with former and current OEM 
engine design engineers to develop cooling system guidelines for a variety of engines; 2) 
document how the cooling system should operate with particular emphasis on the interactions 
between the various cooling loads, e.g., oil cooler and turbocharger aftercooler, within the engine 
system; and 3) utilize the gathered information to develop a cooling system model and logic tree. 
 1.2 PRCI Project Description 
 1.2.1 Tasks 
The PCRI funded project included six primary tasks:  
Task 1: Conduct Literature Review 
Assemble a detailed summary of cooling system literature, such as operating and 
maintenance guides, that provides guidance on cooling system operating limits. 
The research team used information in the public domain as well as information 
collected from engineers and technicians who have experience operating cooling 
systems. The outcome of this task was a collection of tables that provides all 
available information on cooling system operations. The tables are included in 
Appendix A. 
Task 2: Develop a simplified cooling system engineering model 
Using Nusselt number formulations and the previous successful work by 
Chapman (1987) [1] and Chapman et al. [2] (1988), the team developed a 
simplified engineering model of a typical cooling system. The research team 
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expected this Excel-based model to provide the framework of the project 
deliverables and be useable by industry engineers and operators. The inputs and 
outputs are familiar operating parameters, but the core of the model is based on 
dimensionless parameters to increase model transportability. 
Task 3: Visit sites for further information gathering 
The site visits were used to collect operational information and experiences from 
senior operators as well as actual operating data. During the site visits, the 
research team collected operating data as the operators varies one or more coolant 
system operating parameters. 
Task 4: Tune Engineering Model 
The information and data collected in Task 3 was used to tune the engineering 
model developed in Task 2. The outcome of this task was an Excel-based 
engineering model of a cooling system that is tuned for two-stroke large bore 
engines utilized in the natural gas transmission industry. These engines include: 
1. Cooper 
a. V-250/V-275 
b. W-330 
c. GMV 
2. Clark 
a. TLA 
b. TCV 
c. HBA 
3. Ingersoll-Rand 
a. KVS 
 
Depending on the local station configuration and cooling system capacity, the 
engineering model can be used to optimize coolant flow rate through the engine, 
cooling water supply pressure, and cooling water supply temperature. 
Task 5: Develop an Optimization Logic Tree 
The developed logic tree can be used to optimize engine cooling systems. The 
logic tree was developed so that it is easily usable by station personnel. 
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Task 6: Develop a complete set of cooling system guidelines 
The cooling system guidelines include: 
1. All modeling equations with example calculations to set up a particular 
cooling system;  
2. The cooling system setup logic tree with an appropriate example; 
3. The detailed literature and information review developed in Task 1; 
and 
4. A series of examples on how to use the guidelines and Excel-based 
cooling system optimization model.  
The guidelines represented the final report of the PRCI funded project, and were 
submitted to the committee members for review and comments.  
 1.2.2 Deliverables 
This thesis presents on the development and results of the PRCI funded project. The 
deliverables for the final phase of the project included: 
1. Detailed summary of cooling system literature, such as operating and 
maintenance guides, that provides guidance on cooling system operating 
limits;  
2. A detailed logic flow chart of actions to optimize engine cooling systems that 
can be followed by plant personnel; 
3. Detailed documentation of interviews and statements from retired or nearly-
retired engineers and technicians who have experience with cooling system 
operation; and 
4. Cooling system operating guidelines. 
 
 1.3 Cooling system overview 
Figures 1.1 and 1.2 show the schematics of the single and two loop, engine cooling 
systems, respectively, used in the development of the engineering model. These two engine 
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cooling systems were chosen due to their difference in component layout and the fact that the 
aftercooler is not a component on the single loop engine cooling system.  Throughout this thesis, 
the single loop engine cooling system will be referred to as ‘system 1’ while the two loop 
cooling system will be referred to as ‘system 2.’  
The numbers in Figure 1.1 correspond to the various components that make up system 1 where: 
1. Engine 
2. Surge Tank 
3. Coolant Pump 
4. Fin-Fan Heat Exchanger 
5. Engine Oil Cooler 
6. Thermostatic Control Valve 
 
 
Figure 1.1 – Schematic of single loop cooling system model 
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Figure 1.2 – Schematic of dual loop cooling system model 
 
In similar fashion, the numbers in Figure 1.2 correspond to the components that make up 
system 2 where: 
1. Engine 
2. Surge Tank 
3. Jacket Water Pump 
4. Jacket Water Thermostatic Control Valve 
5. Jacket Water Fin-Fan Heat Exchanger 
6. Aftercooler 
7. Engine Oil Cooler 
8. Auxiliary Cooling Pump 
9. Auxiliary Cooling Thermostatic Control Valve 
10. Auxiliary Cooling Fin-Fan Heat Exchanger 
Figures 1.1 and 1.2 also illustrate how the coolant circulates through the system with the 
arrows representing the flow direction. 
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 1.3.1 Energy transfer within cooling system 
This section describes the energy transfer and fluid dynamics that occur within the 
cooling system. 
Most of the energy enters the cooling system in the engine according to thermodynamic 
and heat transfer principles. The primary modes of heat transfer are convection and conduction. 
Energy is also added to the system in the engine oil cooler and, for system 2, the aftercooler. 
Energy is removed from the cooling system in the fin-fan unit. The energy added/removed in the 
engine oil cooler, aftercooler, and fin-fan unit are governed, again, by thermodynamic and heat 
transfer principles. 
 1.3.2 Fluid dynamics within coolant piping system 
The coolant piping system is comprised of many different components. These 
components include: 
• Piping 
• Fittings 
• Coolant pump 
• Surge Tank 
• Cooling Equipment 
The coolant circulates from component to component in the piping. The change in height, 
number of fittings, and length and diameter of the pipe affect the resulting pressure in each 
section of pipe.  The resulting pressure through the piping is governed by fluid dynamic 
principles. 
The coolant pump pressurizes the cooling system and also produces the coolant mass 
flow rate. The pump head and coolant flow rate are a function of the pump speed which, in turn, 
is a function of the engine speed. 
The surge tank provides the system with room to expand and establish a minimum 
suction pressure for the coolant pump. The outlet pressure of the surge tank is governed by fluid 
dynamic principles and depends upon the ambient pressure and the height of the water within the 
surge tank. For system 2, the surge tank is located on the jacket water side and a balance line 
connects the two sides at the outlet of the surge tank to the suction side of the auxiliary cooling 
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pump as shown in Figure 1.2. This allows the surge tank to act as an expansion tank for the 
auxiliary cooling side and provides suction pressure to the auxiliary cooling pump. 
The cooling equipment includes the engine, oil cooler, fin-fan unit, and aftercooler. Each 
component of the cooling system equipment has a corresponding pressure differential that is a 
function of the coolant mass flow rate. The change in pressure through the cooling equipment is 
governed by fluid dynamic principles. 
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Chapter 2 - Literature Review 
This section presents a brief review of cooling system design considerations including in-
cylinder to coolant heat transfer correlations, incompressible fluid flow, and OEM operating 
guidelines. Also, a review of various cooling system setups is presented. 
 2.1 Review of Cooling System Setups 
The following collection of literature consists of examples of cooling system setups, 
including, entire system analysis and precision cooling. The information is valuable in terms of 
new technology and general cooling system information. 
Luptowski et al. [3] presented the work done on the Vehicle Engine Cooling System 
Simulation (VECSS), developed at Michigan Technological University, enhanced by linking 
with GT-POWER for the engine/cycle analysis model. Enhanced VECSS (E-VECSS) calculates 
the effects of cooling system operation on engine performance including accessory power and 
fuel conversion efficiency. Along with the engine cycle, modeled components include the engine 
manifolds, turbocharger, radiator, charge-air-cooler, engine oil circuit, oil cooler, cab heater, 
coolant pump, thermostat, and fan. This tool was then applied to develop and simulate an 
actively controlled electric cooling system for a 12.7-liter diesel engine.  
Robinson et al. [4] performed a review on the achievements and potential of precision 
engine cooling, along with an extension into nucleate-boiling-based heat transfer. They 
demonstrated that exploiting the large increases in heat transfer that are possible with nucleate 
boiling in a controlled manner could lead to lower coolant pressures and lower metal 
temperatures. This is all achieved with lower coolant flow rates and with a careful avoidance of 
film boiling. They also stated that evidence suggests nucleate boiling already occurs 
unintentionally in many engines.  
Kays [5] addresses liquid-cooled engines that use atmospheric air as an ultimate heat 
sink. The author examines various heat exchanger loops that are commonly used for cooling the 
block, for aftercooling, and for combining block cooling with aftercooling. The mechanisms 
whereby heat is transferred to the coolant within the engine block, how the heat load is 
determined, and the implications with regard to surface and fluid temperatures are discussed. The 
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author examines heat exchanger designs that illustrate some of the characteristics of heat 
exchanger surfaces and the unique features of automotive application. 
 2.2 Thermal System Modeling 
Governing equations developed to model a system are formed from thermodynamic, heat 
transfer, and fluid dynamic principles. The first law of thermodynamics and the conservation of 
mass which can be found in any thermodynamic text, such as [6], are: 
ݍሶ െ ሶܹ ൅ ∑ ሶ݉ ௜ ቀ݅௜ ൅ ௩೔
మ
ଶ ൅ ݃ݖ௜ቁ െ ∑ ሶ݉ ௘ ቀ݅௘ ൅
௩೐మ
ଶ ൅ ݃ݖ௘ቁ ൌ
ௗா
ௗ௧   (1) 
෍ ሶ݉ ௜ െ෍ ሶ݉ ௘ ൌ ݀ܯ௖௩݀ݐ (2) 
where:  
           ݍሶ  = Heat transfer rate 
           ሶܹ = Work rate 
           ሶ݉ = Mass flow rate 
            ݅= Enthalpy 
            ݒ= Velocity 
            ݃= Gravity 
            ݖ= Height 
           ௗாௗ௧= Time rate of change of energy 
           ௗௌ௧ = Time rate of change of mass 
Equations (1) and (2) along with fluid dynamic principles discussed later in Section 2.5 
provide the grounds from which a complete thermal system model can be built. This section 
focuses on methods that can be used to model a complete cooling system and cooling system 
components. 
Stoecker [7] addresses thermal system design through the modeling of thermal equipment 
and optimization of a system. The author also covers system simulations in which a design can 
be improved or modified.  
Patankar [8] describes the process of converting a non-linear system of equations into a 
linear system of equations. Each equation in a non-linear system is linearized, or discretized, into 
the following form: 
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ܽ௘߮௘ ൌ ∑ ܽ௜߮௜ ൅ ܾ௜௜   (3) 
In this form, the φ’s represent the unknowns, the a’s are the coefficients of the unknowns, 
and the b terms are constants within the equations. The discretized system of equations still 
represents the system being modeled and can be solved using an iterative method such as the 
Gauss-Seidel method.  
The Guass-Seidel method, as discussed by Patankar [8], involves calculating the 
unknowns, φ’s, in a certain order and updating the values as the unknowns are calculated. In 
other words, the value of the φi’s, in Equation (3), have either already been calculated during the 
iteration if they occur before φe or are the values calculated during the previous iteration. 
In terms of heat transfer, the engine cooling system can be represented by a combination 
of heated flow passages. While the determination of the flow fields and local heat transfer within 
these complicated flow passages is clearly beyond the scope of this project, the flow passages 
can be analyzed in terms of the average, but still somewhat local, Nusselt number [9]. The 
Nusselt number, Nu, is a dimensionless heat transfer coefficient defined as: 
ܰݑ ൌ ݄ܮ௖݇   (4) 
The term h is the convective heat transfer coefficient, the term Lc is a characteristic 
length, and the term k is the fluid thermal conductivity. The Nusselt number is further correlated 
to other operating parameters by a variety of different correlations published in the open 
literature. One of the most commonly used correlations is the Dittus-Boelter equation [9]: 
ܰݑ ൌ 0.023ܴ݁଴.଼ܲݎ௡  (5) 
The exponent n is 0.4 for heating and 0.3 for cooling. The term Re is the Reynolds 
number and the term Pr is the Prandtl number. The Reynolds number functionally contains 
coolant property, flow passage geometry, and flow rate information, and the Prandtl number 
functionally contains additional coolant property information. Collectively, the Nusselt number 
contains all information necessary to characterize heat transfer within the flow passages. 
The heat exchangers within the engine cooling system can be modeled by methods 
described by Incropera et al. [9]. A graphical representation of the heat transfer within the heat 
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exchangers is shown in Figure 2.1. Hot and cold fluids enter the heat exchanger. Energy, in the 
form of heat (illustrated by Q in Figure 2.1), is transferred from the heat fluid to the intermediate 
metal. Then the energy is transferred from the metal to the cold fluid. 
 
Figure 2.1 – Heat Exchanger Model 
 
The equations that describe the heat exchange process in a heat exchanger, assuming 
constant specific heat, are: 
ሶ݉ ௛ܿ௛൫ ௛ܶ,௜௡ െ ௛ܶ,௢௨௧൯ െ ݍሶ௛ି௠ ൌ ௗሺெ೓௖೓்೓ሻௗ௧   (6) 
ݍሶ௛ି௠ െ ݍሶ௠ି௖ ൌ ௗሺெ೘௖೘ ೘்ሻௗ௧ (7) 
ሶ݉ ௖ܿ௖൫ ௖ܶ,௜௡ െ ௖ܶ,௢௨௧൯ ൅ ݍሶ௠ି௖ ൌ ௗሺெ೎௖೎ ೎்ሻௗ௧ (8) 
In this form, ሶ݉  is the mass flow rate, ܿ this the specific heat, ܶ is the temperature, ݍሶ  is the 
heat transfer rate, and ܯ is the mass. The subscript h denotes the hot fluid, c denotes the cooling 
fluid, and m denotes the intermediate metal. These equations are slightly different for a fin-fan 
unit due to the fact that the ambient air is the cooling fluid but the same premise applies to all 
heat exchangers when nucleate boiling is absent. 
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 2.3 Engine Cylinder to Coolant Heat Transfer 
The engine cylinder to coolant heat transfer mechanism is where most of the energy 
enters the coolant within the cooling system. Complex equations are needed to model the in-
cylinder heat transfer coefficient. Karamangil et al. [10] developed a model to parametrically 
determine the convective heat transfer coefficient of a gasoline engine on both the in-cylinder 
and jacket sides. The combustion products were a function of excess air and fuel. The cylinder 
temperature and pressure were calculated with a simplistic model based on the First Law of 
Thermodynamics. The in-cylinder heat transfer coefficient was evaluated using two different 
expressions; one a specific form of Annand's equation [11] and the other, the Woschni equation 
[12]. Woschni’s equation is expressed as: 
݄௚௔௦ ൌ 3.26ܤି଴.ଶ݌଴.଼ܶି଴.ହହݓ଴.଼  (9) 
Where hgas is the in-cylinder heat transfer coefficient, B is the bore, p is the pressure, T is 
the temperature, and w is the average in-cylinder gas velocity. The average in-cylinder gas 
velocity is characterized by: 
߱ ൌ ܥଵܵҧ௣ ൅ ܥଶ ௗܸ ௥ܶ݌௥ ௥ܸ ሺ݌ െ ݌௠ሻ  (10)
In this form, C1 and C2 are constants, ܵҧ௣ is the mean piston speed, Vd is the displacement 
volume, Tr, pr, and Vr are the temperature, pressure, and volume of the cylinder with respect to a 
reference state, p  is the instantaneous cylinder pressure, and pm is the motored cylinder pressure.          
The constants C1 and C2 depend on the period of the engine cycle and the values are typically:  
Gas exchange period:  C1=6.18,  C2=0 
Compression period:  C1=2.28,  C2=0 
Combustion and Expansion period: C1=2.28,  C2=0.00324 
The heat transfer coefficient between the engine block and the cooling water was 
determined by utilizing Newton's convective heat transfer equation.  
The development of the in-cylinder heat transfer coefficient leads into determining the 
heat flux from the combusting gases to the coolant. Figure 2.2 shows a graphical representation 
of a piston cylinder setup and the associated heat transfer mechanisms.  As shown, combustion 
occurs within the cylinder and a portion of the energy released during the combustion process is 
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transferred by heat transfer mechanisms through the oil film lining the cylinder, then the 
cylinder, and lastly to the jacket water circulating around the cylinder. 
 
Figure 2.2 - Model of Piston Cylinder Setup 
 
The heat flux from the combustion zone to the jacket water can be determined using 
thermal resistances as described by Incropera et al. [9]. Figure 2.3 shows a graphical 
representation of the thermal resistances.  
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Figure 2.3 – Engine Thermal Resistance Model 
 
The heat flux can then be calculated by using the thermal resistance equations [9]: 
௝ܴ௪ ൌ 1௝݄௪  (11)
ܴ௦௧௘௘௟ ൌ ݔ݇௦௧௘௘௟ (12)
ܴ௢௜௟ ൌ 1݄௢௜௟ (13)
ܴ௚௔௦ ൌ 1݄௚௔௦ (14)
ܴ௧௢௧௔௟ ൌ෍ܴ௜ (15)
ݍሷ ൌ ௚ܶ௔௦ െ ௝ܶ௪ܴ௧௢௧௔௟ (16)
Where R is the thermal resistance, h is the convective heat transfer coefficient, k is the 
thermal conductivity, x is the thickness of the cylinder wall, ݍሷ  is the thermal flux, and T is the 
temperature.  The hgas term represents the in-cylinder convective heat transfer coefficient and can 
be determined by using Annand’s equation [11] or Woschni’s equation [12] as previously 
described. 
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 2.4 Engine Operating Cycle Model 
The Turbocharger Reciprocating Engine Computer Simulation program (T-RECS) was 
developed at the National Gas Machinery Laboratory at Kansas State University. T-RECS 
applies the first law of thermodynamics for an open system to the cylinder volume for the intake, 
compression, combustion, expansion, and exhaust processes that in sequence make up the engine 
operating cycle, allowing for the calculation of the adiabatic flame temperature. During each 
process, sub models are used to describe geometric features, the thermodynamic properties of the 
unburned and burned gases, the mass and energy transfers across the system boundary, and the 
combustion process [13].  
Specifically, T-RECS uses a three-zone combustion model, one zone for each of the 
burned, unburned, and boundary zones. The burning rate can be simulated using either a Wiebe 
function or a user-entered range for the combustion process. T-RECS also uses the JANAF 
tables to calculate equilibrium combustion constants [14]. 
 2.5 Incompressible Fluid Flow 
An engine cooling system is comprised of many components connected by pipes to form 
a complete system. Daily and Harleman [15] describe nonuniform flow in conduits and 
Bernoulli’s equation pertaining to pipe flow. The authors also cover head loss and its 
dimensionless coefficient. They show how to address flow through loops and friction factors 
within pipes. Crowe et al. [16] discuss flow in conduits and provide equations for head loss, 
friction factors, and dimensionless head loss coefficients for transitions and fittings. Using this 
literature all of the piping within the cooling system can be modeled in terms of pressure loss and 
flow.  
The piping and fitting component equations and parameters utilize dimensionless head 
loss coefficients where the friction factor, dimensionless head loss coefficient, and head loss, 
respectively, are [16]: 
݂ ൌ 0.25
൤݈݋ ଵ݃଴ ቀ ݇௦3.7ܦ ൅
5.74
ܴ݁଴.ଽቁ൨
ଶ (17)
ܭ ൌ ݂ ܮܦ  (18)
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ܪ௙ ൌ ܭ ݒଵ
ଶ
2݃  (19)
In the previous equations, f is the friction factor, ks is the roughness factor, K is the 
dimensionless head loss coefficient, L is the length of the pipe, D is the diameter of the pipe, Hf 
is the head loss, v is the velocity, and g is gravity. The pressure change in the conduit is related to 
head loss through the modified Bernoulli’s equation: 
݌ଵ ൅ ߩ݃ݖଵ ൌ ݌ଶ ൅ ߩ݃ݖଶ ൅ ߩ݃ܪ௙  (20)
Where p is pressure, ρ is density, g is gravity, z is the height, and Hf is the head loss 
computed using Equation (19). The coolant flow rate and pump head are governed by the 
rotational speed of the cooling water pump. The pump affinity laws, as described by McQuiston 
et al. [17], can be used to determine the coolant flow rate and the pump head based upon the 
pump rotational speed. The pump affinity laws for the coolant flow rate and pump head, 
respectively, are: 
ሶܸ௡ ൌ ሶܸ௢ ൬ܴܲܯ௡ܴܲܯ௢൰  (21)
ܪ௡ ൌ ܪ௢ ൬ܴܲܯ௡ܴܲܯ௢൰
ଶ
 (22)
In Equations (21) and (22), ሶܸ  is the volumetric flow rate, RPM is the pump speed, and H 
is the developed pump head. The subscript n refers to the new value and the subscript o refers to 
the old value of pump speed, coolant flow rate, or pump head. 
 2.6 Daily Ambient Temperature Model 
The amount of energy transferred as heat from the fin-fan heat exchanger to the environs 
is a function of the ambient temperature. The daily ambient temperature can be modeled using 
the ASHRAE outdoor temperature model [17]. The outdoor temperature is assumed to vary in a 
sinusoidal fashion between the maximum and minimum daily temperatures. The ASHRAE 
outdoor temperature model can be used to calculate the temperature on an hourly basis. The 
ASHRAE model is written as: 
௛ܶ௢௨௥௟௬ ൌ ௠ܶ௔௫ െ ܦܴሺܺሻ  (23) 
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As shown in Equation (23), the hourly temperature, Thourly, is a function of the maximum 
temperature, Tmax, minus the daily range DR multiplied by the defined hourly weighting factor of 
the daily range (X). 
 2.7 OEM Operating Guidelines 
During Task 1, OEM operating guides for Cooper and Clark engines were collected in 
order to further understand the cooling systems. The following information represents the key 
points taken from the OEM operating guides, provided by various parties involved in the PCRI 
funded project: 
 Nominal coolant inlet temperature into the engine is approximately 160ºF. 
 The coolant pump speed is a function of the engine speed. Thus, the engine speed 
controls the engine coolant inlet pressure and mass flow rate. 
 The thermostatic control valve in the cooling system controls the engine coolant 
inlet temperature and, for the auxiliary cooling side of system 2, the aftercooler 
coolant inlet temperature. 
 A small temperature rise, nominally 10⁰F across engine, results in a more even 
water temperature throughout the engine jackets and reduces the possibility of 
boiling. 
The OEM operating guides also provide information concerning various parameters 
utilized in the cooling system model. These parameters include: 
 Approximate engine heat transfer rates to the coolant 
 Pressure differentials of cooling equipment 
 Pump head and flow rate at full load. 
 2.8 Literature Review Conclusions 
The thermodynamic, heat transfer, and fluid dynamic principles that govern the cooling 
water system can be manipulated to develop an encompassing cooling system model. From the 
literature review, the following conclusions can be drawn: 
 Controlled nucleate boiling results in the maximum heat transfer from the engine 
to the cooling water. This could lead to lower coolant pressures and metal 
18 
 
temperatures at lower coolant flow rates. OEM operating guidelines state that the 
coolant flow rate is a function of engine speed and, thus, cannot be varied. 
 Dimensionless Nusselt number formations and thermal resistances can be used to 
model the heat transfer from the in-cylinder combusting gases to the cooling 
water system. 
 The in-cylinder heat transfer coefficient can be calculated using correlations 
developed by Annand or Woschni. 
 All fluid dynamics within the cooling system can be modeled using the modified 
Bernoulli’s equation and other fluid dynamic principles discussed in Section 2.5. 
The research team developed the cooling system model which utilizes knowledge 
obtained during the literature review. The points from the literature review used in the model and 
further discussed in this thesis are: 
 The in-cylinder heat transfer from the combusting gases to the cooling 
water was modeled using thermal resistances. 
 Woschni’s equation was implemented into T-RECS to determine the in-
cylinder heat transfer coefficient.  
 The fluid dynamics of the cooling water system were modeled using the 
modified Bernoulli’s equation as well as other fluid dynamic principles 
discussed in Section 2.5. 
 The heat exchangers were modeled using Equations (6)-(8). 
 The pump head and coolant flow rate was determined using the pump 
affinity laws. 
 The daily ambient temperature was modeled using a derived form of the 
ASHRAE model discussed in Section 2.6. 
 The complete cooling water system modeling equations were discretized 
and solved using the Gauss-Seidel method. 
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Chapter 3 - Mathematical Model 
This section focuses on the heat transfer, thermodynamic, and the fluid dynamic models 
within individual system components. The first component discussed is the engine and the 
associated heat transfer. 
 3.1 In-Cylinder to Coolant Heat Transfer Model 
Figure 3.1 shows a graphical representation of a piston cylinder setup and the associated 
heat transfer mechanisms.  As discussed in Section 2.3, the heat transfer from the combustion 
area to the coolant flowing around the cylinder can be modeled using thermal resistances. Figure 
3.2 shows a graphical representation of the thermal resistances. 
 
 
Figure 3.1 – Model of Piston Cylinder Setup 
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Figure 3.2 – Engine Thermal Resistance Model 
 
Equations (11)-(16), discussed in Section 2.3, were used to determine the heat flux from 
the combusting gases to the jacket water. The thermal resistances of the oil film, cylinder wall, 
and jacket water are approximated using known, acceptable ranges for the temperatures, 
convective heat transfer coefficients, and thermal conductivities. The thickness of the cylinder 
wall, x, was taken from engine drawings provided by Cameron. These values were used as tuning 
factors to match the heat transfer rate from the engine to the cooling water described within the 
OEM operating guides. A fouling factor was also added as another thermal resistivity. The 
fouling factor represents the scale build-up on the jacket water side of the cylinder walls over 
time and affects the heat transfer rate and outlet temperature of the jacket water.  
The convective heat transfer coefficient of the in-cylinder gases depends upon the period 
of the engine cycle (i.e. compression, combustion, expansion, gas exchange) and is determined 
by Woschni’s equation [12] as discussed in Section 2.3. 
Woschni’s equation was implemented into the T-RECS program described in Section 2.4. 
T-RECS is a FORTRAN based program that, for this thesis, was used to calculate the required 
in-cylinder pressures and temperatures utilized within Woschni’s equation for the given period.  
A FORTRAN subroutine was implemented into T-RECS to calculate the heat flux to the 
engine jacket water as a function of engine crank angle. The cycle-averaged heat flux is then 
calculated by summing the heat fluxes calculated for each engine crank angle step and dividing 
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by the total number of crank angle steps taken in the cycle. The engine jacket water was assumed 
to enter the engine at 160ºF throughout the entire cycle. This assumption was based upon the 
OEM operating guidelines collected during Phase 1 of the PCRI funded project. Also, the 
radiative heat transfer was assumed to be very small compared to convective heat transfer and 
thus neglected. The average heat flux, ݍሷ௔௩௚, is calculated by summing the heat flux , ݍሷ , and 
dividing by the total number of crank angle steps, Crank, taken through the cycle: 
ݍሷ௔௩௚ ൌ ∑ ݍሷ௜
ଷ଺଴௜ୀ଴
ܥݎܽ݊݇ሺ360ሻ െ ܥݎܽ݊݇ሺ0ሻ  (24)
The average rate of heat transfer to the jacket water is calculated based upon the average 
heat flux, ݍሷ௔௩௚, and the surface area of the cylinder, Acyl, as: 
ݍሶ௔௩௚ ൌ ݍሷ௔௩௚ܣ௖௬௟  (25)
 3.2 Heat Exchangers Model 
The heat exchangers within system 1 include the engine oil cooler and the fin-fan unit 
while the heat exchangers in system 2 include the engine oil cooler, the aftercooler, and the fin-
fan units.  A graphical representation of the heat transfer within the heat exchangers is shown in 
Figure 3.3. 
 
Figure 3.3 – Heat Exchanger Model 
 
As shown in Figure 3.3, the energy is transferred from the entering hot fluid to the 
intermediate metal and then to the cooling fluid. The cooling water takes on different roles 
within the fin-fan unit, engine oil cooler, and the aftercooler. In the fin-fan unit, the cooling 
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water acts as the hot fluid and the energy is transferred to the outdoor air. In the engine oil 
cooler, the hot oil exiting the engine transfers energy to the cooling water. In the aftercooler, the 
hot air leaving the turbocharger transfers energy to the cooling water. The general equations 
describing the heat transfer within the heat exchangers are discussed in Section 2.2. 
Due to the lack of available information pertaining to the heat exchangers, values were 
assumed for the effective heat transfer areas and the convective heat transfer coefficients. Values 
for the ambient air flow rate through the fin-fan unit and oil flow rate through the oil cooler were 
also assumed and held constant. Table 3.1 shows the values assumed for the above mentioned 
parameters. The parameters mentioned in this paragraph directly affect the resulting outlet 
temperatures and heat transfer rates for the heat exchangers. 
Table 3.1 – Assumed Heat Exchanger parameters 
Fin-Fan Coolant-Side Air-Side 
Area (ft2) 500 1000 
Heat Transfer Coefficient (BTU/hr-ft2-F) 90 40 
Air Flow Rate (SCFM) 140000 
Oil Cooler Coolant-Side Oil-Side 
Area (ft2) 50 80 
Heat Transfer Coefficient (BTU/hr-ft2-F) 90 140 
Oil Flow Rate (GPM) 300 
 
 
 3.3 Thermostatic Control Valve Model 
The thermostatic control valve (TCV) controls the inlet temperature of the coolant into 
the engine in system 1 and jacket water side of system 2. In the auxiliary cooling side of system 
2, the TCV controls the coolant inlet temperature into the aftercooler. As shown in Figure 3.4, 
the coolant flowing from the cooling equipment is mixed with coolant re-circulated from the 
engine outlet. For system 2’s auxiliary cooling TCV, the coolant flowing from the fin-fan unit is 
mixed with re-circulating coolant from the engine oil cooler. 
23 
 
 
Figure 3.4 – TCV Illustration 
 
The TCV is assumed to be a steady state, adiabatic mixing process with negligible 
changes in kinetic and potential energy, and constant specific heats.  Applying the conditions 
mentioned above to the first law of thermodynamics, Equation (1) is re-written as: 
ሶ݉ ௦௬௦ ௦ܶ௬௦ ൅ ሶ݉ ௥௘௖ ௥ܶ௘௖ ൌ ሶ݉ ௘௡௚,௜௡ ௘ܶ௡௚,௜௡  (1a) 
Where ሶ݉  is the mass flow rate and T is the temperature. Equation (1a) represents the 
governing equation used to model the thermodynamic aspects of the TCV within the complete 
cooling system discussed later in Section 4.4. Aspects concerning the fluid dynamics of the TCV 
are discussed in the following section. 
 3.4 Coolant Piping System Model 
This section focuses on the fluid dynamic approach used to model the cooling water 
piping system. Figure 3.5 shows a schematic of system 1 with numbers representing points used 
to model the fluid dynamics of the system.  The piping system model for system 2 was also 
developed in the same fashion, but is not shown. 
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Figure 3.5 – Schematic of system 1 
 
 3.4.1 Coolant Piping, Fittings, Valves, and Surge Tank Model 
The resulting pressures at the various points identified in Figure 3.5 are determined by 
utilizing the modified Bernoulli’s equation, Equation (20), discussed in Section 2.5.  
The head losses experienced within the piping system are determined by utilizing the 
dimensionless friction factors. Table 3.1 shows the dimensionless friction factors used to develop 
the model, for 90 degree bends, 45 degree bends, valves, and the TCV. 
 
Table 3.2 – Dimensionless Friction Factors [18] 
K90 K45 Kvalve KTCV 
0.2 0.14 6.0 8.0 
 
Along with the fitting friction factors, the friction factor due to the pipe roughness must 
be taken into account. The piping friction factor is determined by using Equation (18). The 
friction factor, f, is assumed to be 0.02, a suitable value for steel piping, throughout the entire 
piping system. 
With knowledge of the pipe sections, the total friction factor is calculated along with the 
resulting frictional head loss of the piping section: 
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ܭ௧௢௧௔௟ ൌ ܭଽ଴ ଽܰ଴ ൅ ܭସହ ସܰହ ൅ ܭ௩௔௟௩௘ ௩ܰ௔௟௩௘ ൅ ܭ௣௜௣௘  (26)
ܪ௙ ൌ ܭ௧௢௧௔௟
ቀ೘ሶഐಲቁ
మ
ଶ௚ ൌ ܭ௧௢௧௔௟
ሺ௩ሻమ
ଶ௚
(27)
In Equations (26) and (27), K is the dimensionless friction factor, N is the number fittings 
in a section of pipe, Hf, is the head loss, ሶ݉  is the mass flow rate, ρ is the density, A is the cross 
sectional area of the pipe, g is gravity, and v is the velocity in the pipe. 
The surge tank provides the system with room to expand as well as to establish a 
minimum suction pressure for the coolant pump. The outlet pressure of the surge tank, psurge,out 
depends upon the ambient pressure, pamb, and the height of the water within the surge tank, zsurge. 
The outlet pressure is calculated by: 
݌௦௨௥௚௘,௢௨௧ ൌ ݌௔௠௕ ൅ ߩ݃ݖ௦௨௥௚௘  (28)
 3.4.2 Coolant Pump and Cooling Equipment Model 
As stated in the literature review, the pump speed is driven by the speed of the engine. 
Thus, as the engine speed varies, the pump speed, RPMp, must vary as a function of the engine 
speed, RPMeng. By assuming a linear correlation between the engine and pump speeds, with the 
pump speed being zero when the engine speed is zero, the pump speed is calculated by: 
ܴܲܯ௣ ൌ ቆ ܴܲܯ௣,௞௡௢௪௡ܴܲܯ௘௡௚,௞௡௢௪௡ቇܴܲܯ௘௡௚  (29)
It should be noted that the engine and corresponding pump speed must be known 
(represented in Equation (29) by the subscript known) at one condition to develop the 
relationship factor. Once the pump speed is determined, the pump affinity laws are used to 
calculate the pump head and coolant flow rate. The pump affinity laws are discussed in Section 
2.5. 
The cooling equipment includes the engine, fin-fan unit, and the oil cooler for system 1. 
The same equipment mentioned with the addition of the aftercooler makes up the cooling 
equipment for system 2. The OEM operating guidelines provide a maximum value for the 
pressure losses across the cooling equipment. In order to model the pressure differential across 
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the cooling equipment, Δpce, as a function of coolant mass flow rate, the following equation was 
derived from Equation 27: 
∆݌௖௘ ൌ ܭ௖௘
ቀ ሶ݉ߩܣቁ
ଶ
2 ߩ ൌ ߚ ሶ݉
ଶ  (30)
The resulting pressure loss coefficient β is no longer dimensionless like the friction factor 
K, but does represent the pressure loss through a given component as a function of coolant mass 
flow rate for a given cooling system setup. 
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Chapter 4 - Model Development 
This section focuses on the development of the discretized system of equations and the 
iterative method used to solve the system.  Also, this section discusses the development of the 
daily ambient temperature model. 
 4.1 Model Overview 
Utilizing the equations discussed in the previous sections, a set of 23 equations with 23 
unknowns for system 1 and 43 equations and 43 unknowns for system 2 was developed that 
describe the heat transfer, fluid dynamics, and thermodynamics involved in the system. This set 
of equations is used within the model to solve for: 
 Pressures at various points within the system 
 Temperatures entering and exiting the cooling equipment 
 Mass flow rates within the system 
 Heat transferred from the fin fan unit to the ambient surroundings 
Figure 4.1 shows the schematic of system 1 with numbers representing the points 
throughout the system used to model the fluid dynamics of the system. Figure 4.1 is used to 
graphically illustrate the developed system of equations for system 1 shown in Table 4.1.  
System 2 is shown in Figure 4.2 and the corresponding system of equations for the jacket water 
and auxiliary cooling system are shown in Tables 4.2 and 4.3, respectively. 
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Figure 4.1 – Diagram of System 1 (Numbered) 
 
 
Table 4.1 – Equations for System 1 
݌ଶ ൌ ݌ଵ െ ߩ݃൮ܭଵଶ
ቀ ሶ݉ߩܣଵଶቁ
ଶ
2݃ െ ݖଵ ൅ ݖଶ൲  (31) 
݌ଷ ൌ ݌௔௠௕ ൅ ߩ݃ݖ௦௨௥௚௘ (32) 
݌ସ ൌ ݌ଷ െ ߩ݃ ൭ܭଷସ
ቀ ೘ሶഐಲయరቁ
మ
ଶ௚ െ ݖଷ ൅ ݖସ൱ (33) 
݌ହ ൌ ݌ସ ൅ ߩ݃ܪ௣௨௠௣ (34) 
݌଺ ൌ ݌ହ െ ߩ݃൮ܭହ଺
ቀ ሶ݉ߩܣହ଺ቁ
ଶ
2݃ െ ݖହ ൅ ݖ଺൲  (35) 
29 
 
݌଻ ൌ ݌଺ െ ߩ݃
ۉ
ۈ
ۇሺܭ଺଻ ൅ ܭ்ሻ
൬ ሶ݉ ௦௬௦ߩܣ଺଻൰
ଶ
2݃ െ ݖ଺ ൅ ݖ଻
ی
ۋ
ۊ  (36) 
݌଺௔ ൌ ݌଺ െ ߩ݃ቌሺܭ଺଺௔ ൅ ܭ்ሻ
ቀ ೘ሶ ೝ೐೎ഐಲలలೌቁ
మ
ଶ௚ െ ݖ଺ ൅ ݖ଺௔ቍ (37) 
݌଼ ൌ ݌଻ െ ߚ௙௜௡௙௔௡ ሶ݉ ଶ (38) 
݌ଽ ൌ ݌଼ െ ߩ݃
ۉ
ۈ
ۇܭ଼ଽ
൬ ሶ݉ ௦௬௦ߩܣ଼ଽ൰
ଶ
2݃ െ ݖ଼ ൅ ݖଽ
ی
ۋ
ۊ  (39) 
݌ଵ଴ ൌ ݌ଽ െ ߚை஼ ሶ݉ ଶ (40) 
݌ଵଵ ൌ ݌ଵ଴ െ ߩ݃
ۉ
ۈ
ۇܭଵ଴ଵଵ
൬ ሶ݉ ௦௬௦ߩܣଵ଴ଵଵ൰
ଶ
2݃ െ ݖଵ଴ ൅ ݖଵଵ
ی
ۋ
ۊ  (41) 
݌ଵଶ ൌ ݌ଵଵ െ ߩ݃൮ܭ்஼௏
ቀ ሶ݉ߩܣቁ
ଶ
2݃ ൲  (42) 
݌ଵଷ ൌ ݌ଵଶ െ ߩ݃൮ܭଵଶଵଷ
ቀ ሶ݉ߩܣଵଶଵଷቁ
ଶ
2݃ െ ݖଵଶ ൅ ݖଵଷ൲  (43) 
݌ଵ ൌ ݌ଵଷ െ ߚ௘௡௚ ሶ݉ ଶ (44) 
ሶ݉ ௦௬௦ ൌ ሶ݉ ሺ ଵܶ െ ଵܶଷሻଵܶ െ ଵܶ଴ (45) 
ሶ݉ ௥௘௖ ଵܶ ൌ ሶ݉ ଵܶଷ െ ሶ݉ ௦௬௦ ଵܶ଴ (46) 
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଼ܶ ൬ܯ௪ܿ௪∆ݐ ൅ ሶ݉ ௦௬௦ܿ௪ ൅ ݄௪ܣ௪൰ ൌ ሶ݉ ௦௬௦ܿ௪ ଵܶ ൅ ݄௪ܣ௪ ௠ܶ ൅
ܯ௪ܿ௪଼ܶ௢
∆ݐ   (47) 
௠ܶ ൬݄௪ܣ௪ ൅ ݄௔ܣ௔ ൅ ܯ௠ܿ௠ ௠ܶ∆ݐ ൰ ൌ ଼ܶ ݄௪ܣ௪ ൅ ݄௔ܣ௔ ௔ܶ ൅
ܯ௠ܿ௠ ௠ܶ௢
∆ݐ   (48) 
௔ܶ ൬ܯ௔ܿ௔∆ݐ ൅ ሶ݉ ௔ܿ௔ ൅ ݄௔ܣ௔൰ ൌ ሶ݉ ௔ܿ௔ ௔ܶ,௜௡ ൅ ݄௔ܣ௔ ௠ܶ ൅
ܯ௔ܿ௔ ௔ܶ௢
∆ݐ   (49) 
ଵܶ଴ ൬ܯ௪ܿ௪∆ݐ ൅ ሶ݉ ௦௬௦ܿ௪ ൅ ݄௪ܣ௪൰ ൌ ሶ݉ ௦௬௦ܿ௪଼ܶ ൅ ݄௪ܣ௪ ௠ܶ ൅
ܯ௪ܿ௪ ଵܶ଴௢
∆ݐ   (50) 
௠ܶ ൬݄௪ܣ௪ ൅ ݄௢ܣ௢ ൅ ܯ௠ܿ௠ ௠ܶ∆ݐ ൰ ൌ ௪݄ܶ௪ܣ௪ ൅ ݄௢ܣ௢ ௢ܶ ൅
ܯ௠ܿ௠ ௠ܶ௢
∆ݐ   (51) 
௢ܶ ൬ܯ௢ܿ௢∆ݐ ൅ ሶ݉ ௢ܿ௢ ൅ ݄௢ܣ௢൰ ൌ ሶ݉ ௢ܿ௢ ௢ܶ,௜௡ ൅ ݄௢ܣ௢ ௠ܶ ൅
ܯ௢ܿ௢ ௢ܶ௢
∆ݐ   (52) 
ଵܶ ൌ ଵܶଷ ൅
ሶܳ௘௡௚
ሶ݉ ܿ௪ (53) 
 
  
31 
 
 
Figure 4.2 – Diagram of System 2 (Numbered) 
 
 
Table 4.2 – System 2 Equations ~ Jacket Water Side 
݌ଶ ൌ ݌ଵ െ ߩ݃൮ܭଵଶ
ቀ ሶ݉ߩܣଵଶቁ
ଶ
2݃ െ ݖଵ ൅ ݖଶ൲ 
  (54) 
݌ଷ ൌ ݌௔௠௕ ൅ ߩ݃ݖ௦௨௥௚௘ (55) 
݌ସ ൌ ݌ଷ െ ߩ݃ ൭ܭଷସ
ቀ ೘ሶഐಲయరቁ
మ
ଶ௚ െ ݖଷ ൅ ݖସ൱ (56) 
݌ହ ൌ ݌ସ െ ߩ݃ቌܭସହ
൬ ೘ሶഐಲరఱ൰
మ
ଶ௚ െ ݖସ ൅ ݖହቍ (57) 
  ݌଺ ൌ ݌ହ ൅ ߩ݃ܪ௣௨௠௣ (58) 
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݌଻ ൌ ݌଺ െ ߩ݃ቌܭ଺଻
൬೘ሶ ೞ೤ೞഐಲలళ൰
మ
ଶ௚ െ ݖ଺ ൅ ݖ଻ቍ (59) 
݌଼ ൌ ݌଻ െ ߩ݃
ۉ
ۈ
ۇሺܭ଻଼ ൅ ܭ்஼௏ሻ
൬ ሶ݉ ௦௬௦ߩܣ଻଼൰
ଶ
2݃ െ ݖ଻ ൅ ݖ଼
ی
ۋ
ۊ
 (60) 
݌଻௔ ൌ ݌଻ െ ߩ݃
ۉ
ۈ
ۇሺܭ଻଻௔ ൅ ܭ்஼௏ሻ
ቀ ሶ݉ ௥௘௖ߩܣ଻଻௔ቁ
ଶ
2݃ െ ݖ଻ ൅ ݖ଻௔
ی
ۋ
ۊ
 (61) 
݌ଽ ൌ ݌଼ െ ߚ௙௜௡௙௔௡ ሶ݉ ଶ (62) 
݌ଵ଴ ൌ ݌ଽ െ ߩ݃
ۉ
ۈ
ۇܭଽଵ଴
൬ ሶ݉ ௦௬௦ߩܣଽଵ଴൰
ଶ
2݃ െ ݖଽ ൅ ݖଵ଴
ی
ۋ
ۊ
 (63) 
݌ଵ଴௔ ൌ ݌ଵ଴ െ ߩ݃
ۉ
ۈ
ۇܭ்
൬ ሶ݉ ௦௬௦ߩܣଵ଴൰
ଶ
2݃
ی
ۋ
ۊ
 (64) 
݌ଵଵ ൌ ݌ଵ଴௔ െ ߩ݃൮ܭଵ଴௔ଵଵ
ቀ ሶ݉ߩܣଵ଴௔ଵଵቁ
ଶ
2݃ െ ݖଵ଴௔ ൅ ݖଵଵ൲ (65) 
݌ଵ ൌ ݌ଵଵ െ ߚ௘௡௚ ሶ݉ ଶ (66) 
ሶ݉ ௦௬௦ ൌ ሶ݉ ሺ ଵܶ െ ଵܶଵሻଵܶ െ ଽܶ  (67) 
ሶ݉ ௥௘௖ ଵܶ ൌ ሶ݉ ଵܶଵ െ ሶ݉ ௦௬௦ ଽܶ (68) 
ଽܶ ൬ܯ௪ܿ௪∆ݐ ൅ ሶ݉ ௦௬௦ܿ௪ ൅ ݄௪ܣ௪൰ ൌ ሶ݉ ௦௬௦ܿ௪ ଵܶ ൅ ݄௪ܣ௪ ௠ܶ ൅
ܯ௪ܿ௪ ଽܶ௢
∆ݐ  (69) 
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௠ܶ ൬݄௪ܣ௪ ൅ ݄௔ܣ௔ ൅ ܯ௠ܿ௠ ௠ܶ∆ݐ ൰ ൌ ଽ݄ܶ௪ܣ௪ ൅ ݄௔ܣ௔ ௔ܶ ൅
ܯ௠ܿ௠ ௠ܶ௢
∆ݐ  (70) 
௔ܶ ൬ܯ௔ܿ௔∆ݐ ൅ ሶ݉ ௔ܿ௔ ൅ ݄௔ܣ௔൰ ൌ ሶ݉ ௔ܿ௔ ௔ܶ,௜௡ ൅ ݄௔ܣ௔ ௠ܶ ൅
ܯ௔ܿ௔ ௔ܶ௢
∆ݐ  (71) 
ଵܶ ൌ ଵܶଵ ൅
ሶܳ௘௡௚
ሶ݉ ܿ௪  (72) 
 
 
 
Table 4.3 – System 2 Equations ~ Auxiliary Cooling Side 
݌ଵଷ ൌ ݌ଵଶ െ ߩ݃൮ܭଵଶଵଷ
ቀ ሶ݉ߩܣଵଶଵଷቁ
ଶ
2݃ െ ݖଵଶ ൅ ݖଵଷ൲ 
(73) 
݌ଵସ ൌ ݌ଵଷ െ ߚை஼ ሶ݉ ଶ (74) 
݌ଵହ ൌ ݌ଵସ െ ߩ݃൮ܭଵସଵହ
ቀ ሶ݉ߩܣଵସଵହቁ
ଶ
2݃ െ ݖଵସ ൅ ݖଵହ൲ (75) 
݌ଵହ௔ ൌ ݌ସ (76) 
݌ଵ଺ ൌ ݌ଵହ௔ െ ߩ݃൮ܭଵହ௔ଵ଺
ቀ ሶ݉ߩܣଵହ௔ଵ଺ቁ
ଶ
2݃ െ ݖଵହ௔ ൅ ݖଵ଺൲ (77) 
݌ଵ଻ ൌ ݌ଵ଺ ൅ ߩ݃ܪ௣௨௠௣ (78) 
݌ଵ଼ ൌ ݌ଵ଻ െ ߩ݃൮ܭଵ଻ଵ଼
ቀ ሶ݉ߩܣଵ଻ଵ଼ቁ
ଶ
2݃ െ ݖଵ଻ ൅ ݖଵ଼൲ (79) 
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݌ଵଽ ൌ ݌ଵ଼ െ ߩ݃
ۉ
ۈ
ۇሺܭଵ଼ଵଽ ൅ ܭ்஼௏ሻ
൬ ሶ݉ ௦௬௦ߩܣଵ଼ଵଽ൰
ଶ
2݃ െ ݖଵ଼ ൅ ݖଵଽ
ی
ۋ
ۊ
 (80) 
݌ଶଶ ൌ ݌ଵ଼ െ ߩ݃
ۉ
ۈ
ۇሺܭଵ଼ଶଶ ൅ ܭ்஼௏ሻ
ቀ ሶ݉ ௥௘௖ߩܣଵ଼ଶଶቁ
ଶ
2݃ െ ݖଵ଼ ൅ ݖଶଶ
ی
ۋ
ۊ
 (81) 
݌ଶ଴ ൌ ݌ଵଽ െ ߚ௙௜௡௙௔௡ ሶ݉ ଶ (82) 
݌ଶଵ ൌ ݌ଶ଴ െ ߩ݃
ۉ
ۈ
ۇܭଶ଴ଶଵ
൬ ሶ݉ ௦௬௦ߩܣଶ଴ଶଵ൰
ଶ
2݃ െ ݖଶ଴ ൅ ݖଶଵ
ی
ۋ
ۊ
 (83) 
݌ଶଷ ൌ ݌ଶଵ െ ߩ݃
ۉ
ۈ
ۇሺܭଶଵଶଷ ൅ ܭ்ሻ
ቀ ሶ݉ߩܣଶଵଶଷቁ
ଶ
2݃ െ ݖଶଵ ൅ ݖଶଷ
ی
ۋ
ۊ
 (84) 
݌ଵଶ ൌ ݌ଶଷ െ ߚ஺஼ ሶ݉ ଶ (85) 
ሶ݉ ௦௬௦ ൌ ሶ݉ ሺ ଵܶସ െ ଶܶସሻଵܶସ െ ଶܶ଴  (86) 
ሶ݉ ௥௘௖ ଵܶସ ൌ ሶ݉ ଶܶଷ െ ሶ݉ ௦௬௦ ଶܶ଴ (87) 
ଶܶ଴ ൬ܯ௪ܿ௪∆ݐ ൅ ሶ݉ ௦௬௦ܿ௪ ൅ ݄௪ܣ௪൰ ൌ ሶ݉ ௦௬௦ܿ௪ ଵܶସ ൅ ݄௪ܣ௪ ௠ܶ ൅
ܯ௪ܿ௪ ଶܶ଴௢
∆ݐ  (88) 
௠ܶ ൬݄௪ܣ௪ ൅ ݄௔ܣ௔ ൅ ܯ௠ܿ௠ ௠ܶ∆ݐ ൰ ൌ ଶܶ଴݄௪ܣ௪ ൅ ݄௔ܣ௔ ௔ܶ ൅
ܯ௠ܿ௠ ௠ܶ௢
∆ݐ  (89) 
௔ܶ ൬ܯ௔ܿ௔∆ݐ ൅ ሶ݉ ௔ܿ௔ ൅ ݄௔ܣ௔൰ ൌ ሶ݉ ௔ܿ௔ ௔ܶ,௜௡ ൅ ݄௔ܣ௔ ௠ܶ ൅
ܯ௔ܿ௔ ௔ܶ௢
∆ݐ  (90) 
ଵܶସ ൬ܯ௪ܿ௪∆ݐ ൅ ሶ݉ ܿ௪ ൅ ݄௪ܣ௪൰ ൌ ሶ݉ ܿ௪ ଵܶଷ ൅ ݄௪ܣ௪ ௠ܶ ൅
ܯ௪ܿ௪ ଵܶସ௢
∆ݐ  (91) 
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௠ܶ ൬݄௪ܣ௪ ൅ ݄௢ܣ௢ ൅ ܯ௠ܿ௠ ௠ܶ∆ݐ ൰ ൌ ଵܶସ݄௪ܣ௪ ൅ ݄௢ܣ௢ ௢ܶ ൅
ܯ௠ܿ௠ ௠ܶ௢
∆ݐ  (92) 
௢ܶ ൬ܯ௢ܿ௢∆ݐ ൅ ሶ݉ ௢ܿ௢ ൅ ݄௢ܣ௢൰ ൌ ሶ݉ ௢ܿ௢ ௢ܶ,௜௡ ൅ ݄௢ܣ௢ ௠ܶ ൅
ܯ௢ܿ௢ ௢ܶ௢
∆ݐ  (93) 
ଵܶଶ ൬ܯ௪ܿ௪∆ݐ ൅ ሶ݉ ܿ௪ ൅ ݄௪ܣ௪൰ ൌ ሶ݉ ܿ௪ ଶܶଷ ൅ ݄௪ܣ௪ ௠ܶ ൅
ܯ௪ܿ௪ ଵܶଶ௢
∆ݐ  (94) 
௠ܶ ൬݄௪ܣ௪ ൅ ݄௢ܣ௢ ൅ ܯ௠ܿ௠ ௠ܶ∆ݐ ൰ ൌ ଵܶଶ݄௪ܣ௪ ൅ ݄௘௫௛ܣ௘௫௛ ௘ܶ௫௛ ൅
ܯ௠ܿ௠ ௠ܶ௢
∆ݐ  (95) 
௘ܶ௫௛ ൬ܯ௘௫௛ܿ௘௫௛∆ݐ ൅ ሶ݉ ௘௫௛ܿ௘௫௛ ൅ ݄௘௫௛ܣ௘௫௛൰
ൌ ሶ݉ ௘௫௛ܿ௘௫௛ ௘ܶ௫௛,௜௡ ൅ ݄௘௫௛ܣ௘௫௛ ௠ܶ ൅ ܯ௘௫௛ܿ௘௫௛ ௘ܶ௫௛
௢
∆ݐ  
(96) 
 
 4.2 Development of the Iterative solution method  
The two systems of equations described in section 4.1 were discretized using methods 
discussed by Patankar [8] (refer to Section 2.2.) 
The linearized set of equations is then solved using the Gauss-Siedel iteration method [8]. 
Figure 4.3 depicts the iterative system of equations solver used within the cooling system model. 
As shown in Figure 4.3, the iterative process is broken down into the following steps: 
1. The unknowns are set to initial guess values.  
2. For the first iteration only, the old unknown values are set to the initial guess values.  
3. The coefficients of the unknowns and the constants in the equations are calculated. 
4. New values for the unknowns are calculated based upon the old unknown values. 
5. The iteration error is calculated using the following steps: 
a. Calculate the absolute value of the difference between the newly 
calculated value and the previously calculated value for the unknown. 
b. Divide by the newly calculated value for the unknown. 
c. Repeat for each unknown. 
d. Add individual errors to determine total error in iteration. 
6. Error Handling: 
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a. If the error in the iteration is greater than the maximum error allowed, 
the iterative process repeats itself and sets the old unknown values equal 
to the newly calculated unknown values. 
b. If the error in the iteration is less than the maximum error allowed, the 
calculated unknown values are a solution to the system of equations. 
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Figure 4.3 – Flow Chart Representing the Iterative Process 
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 4.3 Ambient Temperature Model 
The ASHRAE model, Equation 23 discussed in Section 2.6, was modified to fit a sine 
function and varies directly with respect to time instead of a daily percentage. The developed 
temperature model in Kelvins is [19]: 
ܶ ൌ 302 ൅ 8sin ሺ0.00436ݐ െ 2.3ሻ  (97) 
Equation (97) was developed by assuming the maximum daily temperature to be 100ºF 
(310 K), the minimum temperature to be 70ºF (294 K), and the time of day, t, is in minutes. The 
cooling system model allows the user to specify the daily temperature range and then develops 
the temperature model based upon user specifications. Utilizing this model in the cooling system 
enables the user to view how the cooling system responds to changes in ambient temperature 
throughout the day. 
 4.4 Cooling System Computer Model 
The previously derived equations were solved utilizing a FORTRAN code with the T-
RECS program. Figure 4.4 shows a flow diagram of the cooling system computer model. The 
cooling system model is broken down into the following steps: 
1. The user provides the necessary inputs. 
2. The total friction factors and the cooling equipment pressure loss factors are 
calculated using Equations (26) and (30), respectively. 
3. The energy added to the cooling system, by the engine, is calculated using Equations 
(9)-(16) and (24)-(25). 
4. The head and flow rate provided by the pump is calculated using Equations (21) and 
(22), respectively. 
5. Solve the system of equations, involving Equations (31)-(53) for system 1, Equations 
(54)-(96) for system 2, using the Gauss-Seidel Iterative Method shown in Figure 4.3. 
6. Print the model calculated results. 
The end-user program is Excel-based, but is able to access the FORTRAN code that is 
embedded within the Excel-based program in the form of a dynamic link library (DLL). The 
DLL contains all of the modeling performed in FORTRAN, but does not allow the user to access 
39 
 
or change the developed modeling equations. In order to use the program, the user must give the 
program the required inputs, which include: 
 Engine geometry and operating characteristics 
 Piping information including pipe diameters, fittings, and pipe lengths 
 Ambient conditions 
 Coolant chemistry 
 Oil flow rate and temperature exiting engine 
The coolant chemistry input allows the user to specify, in percentages, the actual 
components that make up the coolant. The components included in the model are water, glycol, 
and methanol. From the user specified coolant chemistry, the coolant density and specific heat 
are determined and implemented into the model. 
The inputs are passed to the DLL where all calculations are performed. Once the 
calculations are complete, the results are then passed back to the Excel program where they can 
be viewed by the user. The outputs of this software include: 
 Coolant pressures throughout the cooling system 
 Coolant temperatures entering and exiting the cooling equipment 
 The rate of heat dissipation to the ambient surroundings 
 The rate of heat transfer from the engine. 
 The pump head and flow rate 
 System and recirculation mass flow rates 
 Saturation pressure based upon calculated exit coolant temperature of the 
engine 
The outputs of the cooling system model can then be used to size cooling equipment for 
system upgrades and determine whether the installed cooling equipment is able to handle the 
heat loads experienced within the system. For example, if the heat transferred to the coolant, by 
the engine and the oil cooler, is greater than the maximum amount of energy that can be expelled 
by the fin fan unit, then the fin fan unit is either not working properly or cannot handle the heat 
load produced by the system. The saturation pressure at the engine outlet is included in the 
output because it can tell the operator where the system is operating with respect to the boiling 
region. For example, when the outlet pressure of the engine is much greater than the saturation 
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pressure, the coolant throughout the engine is all liquid; moreover, if the outlet pressure is close 
to the saturation pressure the likelihood that boiling occurs within the engine increases which can 
cause damaging hot spots. 
 
Figure 4.4 – Cooling System Flow Diagram 
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Chapter 5 - Results and Discussion 
This section focuses on the results of a parametric study conducted on the response of the 
cooling systems to changes in ambient conditions as well as comparing how the systems function 
at full and part load operating conditions. The engine chosen for this study is the Cooper-
Bessemer GMVH 12 cylinder engine. The Cooper-Bessemer GMVH is used in compressor 
stations along the natural gas pipeline. The engine utilized the natural gas as a fuel and 
compresses the natural gas to send it down the pipeline. This engine was chosen because all the 
necessary engine characteristics, equipment pressure differentials, and coolant pump information 
was readily available from the OEM operating guides. Table 5.1 lists some of the key operating 
parameters and engine geometry for the Cooper-Bessemer GMVH 12 cylinder engine. 
 
Table 5.1 – GMVH Key Operating Parameter and Geometry 
Cooper-Bessemer GMVH 12 Cylinder 
Speed 330 RPM 
Brake Horse Power 2700 HP 
Torque 42970 lbf-ft 
Fuel Flow Rate 326 CFM 
Bore 14 in 
Stroke 14.7 in 
Rod Length 34.375 in 
 
Table 5.2 shows the engine coolant inlet and outlet pressures and the outlet temperature 
calculated by the model for system 1 as well as from field data [20]. The inlet temperature to the 
engine, in both the model and field data, is 160ºF. Table 5.2 shows the percent difference 
between the model calculated parameters and the field data. The data shows that the inlet 
pressure and outlet temperature calculated with the model are within 5% when compared to the 
field data. The outlet pressure is within 10% of the field data. Examining the difference between 
the inlet and outlet pressure in Table 5.2, it is seen that the field data pressure differential is 1 psi 
greater than the model pressure differential. This increased pressure differential, along with the 
decreased temperature differential across the engine, could be a sign of fouling within the engine 
water jackets. This fouling can be accounted for by the model. 
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Table 5.2 – Results from Model and Field Data 
Model Field Data % Difference 
Inlet Pressure (psia) 46.05 43.85 4.9 
Outlet Pressure (psia) 34.05 30.85 9.9 
Outlet Temperature (⁰F) 170.4 168.2 1.3 
 
Table 5.3 shows the model results and the field data again, but this time a fouling factor 
of 0.0021 (ft2- ºF)/BTU was included and the engine pressure differential was increased to match 
field data. As shown in Table 5.3, the addition of the fouling factor changed the model calculated 
outlet temperature to within 0.5% of the field data. Also, the increased engine pressure 
differential lead to the outlet pressure being within 7% of the field data. From these simple 
‘tuning’ techniques, it is easy to see that the model can be fitted to a specific cooling system as 
long as pressure and temperature measurements are available from points throughout the system. 
 
Table 5.3 – Results from Model (with fouling) and Field Data 
Model Field Data % Difference 
Inlet Pressure (psia) 46.05 43.85 4.9 
Outlet Pressure (psia) 33.05 30.85 6.9 
Outlet Temperature (ºF) 168.8 168.2 0.37 
 
 5.1 Ambient Conditions and System 1 
Figure 5.1 depicts how the heat transfer rate from the fin fan unit is affected by the 
changes in ambient temperature throughout the day. As stated in Section 4.6, the ambient 
conditions were assumed to have a peak temperature of 100ºF and a low temperature of 70ºF. 
Figure 5.1 illustrates that the ambient air temperature governs the amount of heat dissipated to 
the environs. When the ambient temperature is at its lowest daily value, the maximum amount of 
energy, 68.3 MBTU/min, is dissipated by the fin fan unit. As the ambient temperature changes a 
maximum of 30ºF throughout the day, the heat transfer rate from the fin-fan unit decreases by 
12%, or decreases to 59 MBTU/min. 
43 
 
 
Figure 5.1 – Heat Transfer and Ambient Temperature vs. Time for System 1 
 
As seen in Figure 5.1, the rate of heat transfer from the cooling water to the environs 
behaves in a sinusoidal manner. To explain this behavior, the layout of system 1 is revisited and 
shown in Figure 5.2. As discussed in Section 3.3, the thermostatic control valve (TCV) controls 
the inlet temperature of the engine by mixing the flow rates of the recirculating coolant and the 
coolant from the fin-fan unit to create a specified engine coolant inlet temperature. Since the 
coolant mass flow rate through the engine is constant for a constant engine speed and the TCV 
maintains a constant coolant inlet temperature into the engine, the heat transfer from the engine 
to the cooling system is constant. Thus, the sine wave behavior must result from the interaction 
between the fin-fan unit and the oil cooler. Within the model, as discussed in Section 3.2, the 
flow rate of the ambient air through the fin-fan unit and the oil through the oil cooler were 
assumed to be constant. Since the air flow rate does not vary, the coolant temperature exiting the 
fin-fan unit will increase as the ambient temperature increases. This increase in coolant 
temperature leads to a decreased temperature differential between the oil and coolant entering the 
oil cooler. Thus, the heat transfer rate from the oil to the coolant will decrease as the coolant 
temperature increases. Figure 5.3 illustrates the heat transfer rate of the engine and the oil cooler 
to the coolant during daily ambient temperature changes. 
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Figure 5.2 – Layout of System 1 
 
Figure 5.3 – System 1 Heat Transfer Rates for System 1 
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Figure 5.4 shows the temperature of the oil entering and exiting the oil cooler and the 
temperature of the coolant entering the oil cooler during daily operation. The oil temperature into 
the oil cooler is the temperature of the oil exiting the engine and was assumed, based upon 
collected OEM operating guidelines, to be 160⁰F. When the ambient temperature is at a 
minimum of 70⁰F, the coolant temperature entering the oil cooler is at a minimum of 105⁰F. At 
this point, the maximum amount of energy is transferred (22 MBTU/min) from the oil to the 
coolant, shown in Figure 5.3. Thus, the oil temperature exiting the oil cooler is at a minimum of 
134⁰F. As the ambient temperature reaches a maximum of 100⁰F, the fin-fan coolant outlet 
temperature reaches a maximum of 132⁰F. At this point, 40 % less energy can be removed from 
the oil in the oil cooler and results in an increased oil outlet temperature of 145⁰F. 
 
 
Figure 5.4 – Temperatures entering/exiting the Oil Cooler for System 1 
 
Figure 5.5 illustrates how the coolant mass flow rates vary during daily operation. When 
the ambient air temperature is at its minimum, 75% of the coolant recirculates to the TCV. As 
the ambient air temperature reaches its maximum, the amount of coolant recirculated to the TCV 
drops to 67%. The change in flow rates is caused by the difference between the engine outlet 
temperature and the oil cooler outlet temperature, illustrated in Figure 5.6. At the lowest ambient 
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air temperature, the temperature difference is at a maximum of 41⁰F and as the ambient air 
temperature rises the temperature difference reaches a minimum of 28⁰F. This leads to the 
conclusion that the ambient conditions have an impact on the energy transferred to and from the 
system and the resulting temperatures throughout the system. 
 
 
Figure 5.5 – System 1 Mass Flow Rates for System 1 
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Figure 5.6 – Engine Coolant and Oil Cooler Coolant Outlet Temperature for System 1 
 
 5.2 Ambient Conditions and System 2 
System 2, shown in Figure 5.7, is a dual circuit cooling system consisting of an engine 
jacket water cooling side and an auxiliary cooling side. On the jacket water side, the TCV 
controls the temperature into the engine; and, on the auxiliary cooling side, a second TCV 
controls the temperature into the aftercooler. Since the temperature into the engine is set by the 
TCV, the heat transfer rate and coolant temperature from the engine will be constant in the jacket 
water side. On the auxiliary cooling side, the air entering the aftercooler will increase as the 
ambient air temperature increases. Figure 5.8 shows how the heat transfer rates from the 
aftercooler and the oil cooler to the coolant vary with the changing ambient temperature. As the 
ambient temperature approaches its maximum of 100°F, the temperature of the air entering the 
aftercooler also increases. This leads to an increase in heat transfer from the air to the coolant, 
illustrated in Figure 5.8, and a higher coolant outlet temperature. The coolant enters oil cooler 
where the heat transfer rate from the oil to the coolant is reduced due to the higher coolant 
temperature. 
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Figure 5.7 – Layout of System 2 
 
 
Figure 5.8 – Auxiliary Cooling System Heat Transfer Rates for System 2 
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The mass flow rate of the coolant into the fin-fan unit must vary in order to 
account for the changes in ambient conditions. Figures 5.9 and 5.10 show how the mass 
flow rates change with the ambient temperature for the auxiliary cooling side and the 
engine cooling side, respectively. In both figures, the mass flow rates behave in the same 
manner as discussed in Section 5.1. For the auxiliary cooling side, in Figure 5.9, the mass 
flow rate of the coolant into the fin-fan unit becomes larger than the recirculating mass 
flow rate at high ambient temperatures. This is due to the lower total mass flow rate (350 
GPM) in the auxiliary cooling side. 
 
 
Figure 5.9 – Auxiliary Cooling Side Mass Flow Rates for System 2 
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Figure 5.10 – Engine Jacket Water Side Mass Flow Rates for System 2 
 
Other components to be considered with system 2 are the inlet and outlet conditions of 
the air in the aftercooler. The air from the turbocharger enters the aftercooler at a temperature 
that is dependent upon the turbocharger efficiency and the pressure ratio. As the pressure ratio 
increases, the temperature exiting the turbocharger increases. Figure 5.11 shows the resulting 
heat transfer from the aftercooler to the coolant versus pressure ratio. The outlet temperature of 
the air from the aftercooler is set at 120°F. Figure 5.11 shows that the heat transfer rate increases 
as the pressure ratio increases from 1.4 to 2.3. The increase in the heat transfer rate in the 
aftercooler results in a higher coolant outlet temperature. The higher coolant temperature leads to 
a reduction in heat transfer in the oil cooler due to the decreased temperature differential between 
oil and coolant entering the oil cooler. 
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Figure 5.11 – Heat Transfer from Aftercooler vs. Pressure Ratio for System 2 
 
 5.3 Variable engine speed 
Integrated into the cooling system model is a variable engine speed model. The variable 
engine speed model allows the user to see how the cooling system in question responds as the 
engine speed is ramped up to full speed. When the engine speed is changed, the cooling system 
model determines the resulting changes in pump head, coolant flow rate, heat transfer from the 
engine, and cooling equipment pressure differentials. Table 5.4 shows the calculated values for 
the above mentioned variables at full speed and part speed for system 1. 
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Table 5.4 – System 1 Parameters at Full and Part Speed for System 1 
  330 RPM 200 RPM 
Hp (ft) 65.0 23.3 
࢓ሶ ࢖࢛࢓࢖ (lbm/s) 75.0 45.6 
ࢗࢋ࢔ࢍ (BTU/min) 48623.0 42310.6 
∆࢖ࢋ࢔ࢍ (psi) 12.0 5.0 
∆࢖ࢌ࢏࢔ࢌ࢏࢔ (psi) 10.0 3.5 
∆࢖࢕࢏࢒ࢉ࢕࢕࢒ࢋ࢘ (psi) 10.0 3.5 
 
Figure 5.12 shows the heat transfer rate from the engine to the coolant and from the fin-
fan unit to the environs as the engine speed varies from 75% to 100%. As the speed increases 
from 75% to 100%, the heat transfer rates increase by 10%. 
 
 
Figure 5.12 – Heat Transfer Rates vs. RPM for System 1 
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Modifying the engine speed causes a domino effect within the cooling system. The effect 
is explained as: 
1. The engine speed affects the coolant pump speed and the heat transferred to the 
coolant from the engine. 
2. The pump speed produces the head and mass flow rate in the system. 
3. The mass flow rate dictates the pressure differentials within the cooling 
equipment. 
4. The pump head and pressure differentials dictate the pressures throughout the 
cooling system. 
5. The heat transferred from the engine, along with the ambient temperature, 
affects the temperatures within the cooling system. 
 5.4 Variable Engine Torque 
By varying the fuel flow rate into the engine, users can also vary the torque on the engine 
at a specified speed. Since the engine speed governs the total coolant flow rate and the pump 
head, varying torque will not affect these cooling system parameters. Figure 5.13 shows the 
resulting heat transfer rates from the engine to the coolant for 75%-100% load. It is seen in 
Figure 5.13 that as the engine load increases, so does the heat transfer rates. Figure 5.14 shows 
the heat transfer rate from the fin-fan unit for 75%-100% load. It is seen, again, as the load 
increases, more heat is added to the cooling system and, thus, must be removed by the fin-fan 
unit. 
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Figure 5.13 – Heat Transfer from Engine at Various Loads for System 1 
 
 
Figure 5.14 – Heat Transfer from the Fin-Fan Unit at Various Loads for System 1 
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 5.5 Cooling System Guidelines Discussion 
As discussed in the introduction, the developed cooling system guidelines represent the 
thesis and consist of all modeling equations, the cooling system logic tree, detailed literature and 
information review, and instructions on how to use the cooling system model and logic tree. The 
fluid dynamic, thermodynamic, and heat transfer equations used to develop the model have been 
thoroughly discussed in the previous sections of this thesis. Let us now look at the other 
components that make up the cooling system guidelines. 
The cooling system logic tree was developed to help operators understand and 
troubleshoot cooling systems. The logic tree is built into excel and works in conjunct with the 
developed cooling system model. The cooling system problems addressed by the logic tree are: 
1. Fouling in the components 
2. Leaks throughout the system 
3. Pump issues 
4. Coolant and lube oil thermostatic control valve problems 
5. Fin-Fan unit problems 
During the literature review conducted in Task 1, OEM operating guides were collected 
for the engines in the focus group. Information concerning engine parameters were taken from 
the OEM guide and summarized in tables for convenience. These tables are included in 
Appendix A of this thesis.  
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Chapter 6 - Conclusion 
A logic tree was developed as part of the PRCI funded project to assist operators in 
understanding cooling systems and finding possible problems within the cooling system. To 
supplement the logic tree, an engine cooling system modeling program has been developed for 
large bore two-stroke cycles engines. The model governing equations are based upon the fluid 
dynamics, thermodynamics, and heat transfer experienced within the cooling system. The input 
parameters are familiar to the operators and include engine characteristics, piping system 
characteristics, ambient conditions, coolant chemistry, and engine oil system characteristics. The 
cooling system model is an Excel-based model that relies on the embedded FORTRAN code and 
T-RECS program to perform the necessary calculations. The conclusions drawn from this model 
are:  
 Since the pump head and flow rate are governed by the engine speed, the engine 
speed dictates the engine coolant inlet pressure and mass flow rate. 
 The model calculated values are within 10% of the field collected data. 
 The model can be: 
o Used to properly size cooling system components.  
o Tuned to fit actual cooling system data. 
o Used by operating companies to determine if the cooling equipment within 
the system is able to handle the heat loads experienced during daily 
operation.  
 The system model is able to analyze a cooling system when the engine is not 
operating at full speed and as the engine ramps up to full speed. 
 
The recommendations for future work are: 
 In order to further validate the cooling system model, the model should be field 
tested against data collected throughout an entire system. 
 To get full use of the cooling system model, more instrumentation should be 
incorporated into cooling systems. 
 Develop a lube oil system model that is directly incorporated into the cooling 
water system model. 
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 Extend the cooling system model to encapsulate other cooling system layouts 
such as a common cooling system for multiple engines and variable fan speeds. 
 Investigate the benefits of implementing true variable speed cooling water pumps 
versus cost/downfalls. 
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Appendix A - OEM Operating Data 
Table A.1 – Cooper Bessemer Engines 
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Table A.2 – Clark Engines 
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Table A.3 – Ingersoll-Rand Engines 
  
